We studied the relationship between neuropeptide receptor transcript expression and current responses in the stomatogastric ganglion (STG) of the crab, Cancer borealis. We identified a transcript with high sequence similarity to crustacean cardioactive peptide (CCAP) receptors in insects and mammalian neuropeptide S receptors. This transcript was expressed throughout the nervous system, consistent with the role of CCAP in a range of different behaviors. In the STG, single-cell qPCR showed expression in only a subset of neurons. This subset had previously been shown to respond to CCAP with the activation of a modulator-activated inward current (I MI ), with one exception. In the one cell type that showed expression but no I MI responses, we found CCAP modulation of synaptic currents. Expression levels within STG neuron types were fairly variable, but significantly different between some neuron types. We tested the magnitude and concentration dependence of I MI responses to CCAP application in two identified neurons, the lateral pyloric (LP) and the inferior cardiac (IC) neurons. LP had several-fold higher expression and showed larger current responses. It also was more sensitive to low CCAP concentrations and showed saturation at lower concentrations, as sigmoid fits showed smaller EC 50 values and steeper slopes. In addition, occlusion experiments with proctolin, a different neuropeptide converging onto I MI , showed that saturating concentrations of CCAP activated all available I MI in LP, but only approximately two-thirds in IC, the neuron with lower receptor transcript expression. The implications of these findings for comodulation are discussed.
Introduction
Neuromodulation underlies flexibility of neural circuit operation, and all circuits are likely under control of multiple neuromodulators at all times (Harris-Warrick, 2011; Jordan and Sławiń ska, 2011; Marder, 2012; Nadim and Bucher, 2014) . Therefore, understanding circuit dynamics requires not just knowledge of connectivity and baseline intrinsic and synaptic dynamics, but detailed quantitative information about neuromodulatory effects on all circuit components (Harris-Warrick, 2011; Bargmann, 2012; Bargmann and Marder, 2013; Nadim and Bucher, 2014) . A neuromodulator can target multiple aspects of excitability and synaptic function in a single neuron, and different neuromodulators can share intracellular targets. In addition, a neuromodulator can have different targets across different neuron types. These multiple patterns of divergence and convergence, and the fine-tuning of cellular and synaptic properties they provide, present a major challenge to the understanding of circuit dynamics (Nadim and Bucher, 2014) .
Mapping neuromodulator effects quantitatively across circuit components may still only be an attainable goal in numerically simpler invertebrate circuits consisting of individually identifiable neurons, such as those found in the crustacean stomatogastric ganglion (STG) (Nusbaum and Beenhakker, 2002; Marder and Bucher, 2007) . In the STG, the patterns of divergence and convergence of neuromodulator effects are fairly distinct between neuropeptides and biogenic amines (Marder et al., 2005; Marder and Bucher, 2007; Stein, 2009; Nadim and Bucher, 2014) . Monoamines, such as dopamine, act on all neurons to modulate a cell-type specific subset of multiple voltage-gated ion channels and also affect many synapses (Harris-Warrick et al., 1998; Harris-Warrick and Johnson, 2010; Harris-Warrick, 2011) . In contrast, neuropeptides appear to have only a limited number of subcellular targets, and each neuropeptide acts on only a specific subset of circuit neurons. A number of neuropeptides converge onto the same voltage-gated modulator-activated inward current, I MI (Golowasch and Marder, 1992; Swensen and Marder, 2000; DeLong et al., 2009) , and there are only a few reports of neuropeptide actions on synapses (Thirumalai et al., 2006; Zhao et al., 2011) or other voltage-gated ion channels (Rodriguez et al., 2013) .
The finding that each peptide acts only on a specific subset of circuit neurons serves as a qualitative explanation for the specific effects of each peptide on circuit activity . However, it is not clear to which degree quantitative differences play a role, for example, manifest in differences in receptor expression levels and concentration dependence of effects. There are two main reasons for the lack of quantitative understanding. First, despite the fact that the majority of neuromodulators acting on the STG are neuropeptides Marder and Bucher, 2007) , G-protein-coupled receptors (GPCRs) have only been identified for biogenic amines (Clark et al., 2004 (Clark et al., , 2008 . Second, I MI responses to saturating concentrations of neuropeptide can be highly variable across individual animals (Goaillard et al., 2009 ).
Here we identify a putative neuropeptide receptor transcript with high sequence similarity to crustacean cardioactive peptide (CCAP) receptors in insects and show that expression is limited to the subset of STG neurons showing physiological responses. In two neuron types tested, differences in expression levels were consistent with differences in the magnitude and concentration dependence of modulatory effects.
Materials and Methods
Animals. All experiments were performed on wild-caught adult male Jonah crabs, Cancer borealis, purchased from Fresh Lobster. Crabs were kept in aquaria supplied with artificial sea water (Instant Ocean), cooled to a temperature of 9°C-13°C. The animals were fed once a week until use. Before dissection, animals were anesthetized in ice for 30 min. For each experiment, individual tissues were dissected under chilled physiological saline, composed of (in mM) as follows: 440 NaCl, 11 KCl, 13 CaCl 2 , 26 MgCl 2 (all from Fisher Scientific), and 10 HEPES (SigmaAldrich). The pH was adjusted to 7.45.
RNA isolation and cDNA construction. Total RNA was isolated from tissues specific for each cDNA library application. To obtain the coding sequence of the C. borealis CCAP receptor (CbCCAPr), the brain, the two commissural ganglia (CoGs), the esophageal ganglion (OG), and the STG were pooled and used for RNA extraction. For analysis of CbCCAPr distribution, tissues were collected individually and included the brain, cardiac ganglion (CG), STG, OG, CoGs, thoracic ganglion (TG), the gastric mill muscle gm4, and the medial, dorsal muscle of the heart (HM). In both forms of RNA isolation, the TRI reagent protocol was used (Molecular Research Center). All tissues were placed directly into 360 l (STG, OG, CoGs, CG, gm4), 500 l (stomatogastric nervous system (STNS), brain, HM), or 750 l (TG, pooled STNS, and brain) TRI reagent homogenization buffer. The tissue was completely homogenized and then stored overnight at Ϫ80°C. The following day, tissues were thawed and 250 l TRI reagent was mixed into the homogenized TG or pooled STNS and brain samples. Samples were then processed according to the manufacturer's instructions and digested with DNase 1 (New England BioLab). Final RNA was suspended in 22, 30, or 50 l DEPC-treated water, depending on tissue of origin. RNA concentration and quality were measured on a NanoDrop 2000c (Thermo Scientific).
Two forms of cDNA libraries were constructed. To clone CbCCAPr, the SMART method (Clontech) was used to develop cDNA compatible with rapid amplification of cDNA ends (RACE). Primers are listed in Table 1 . Briefly, total RNA was incubated with TempSwitch and TRsa(T 30 ) oligos and then reverse transcribed using SuperScript III RT (Invitrogen). PCR amplification of the cDNA library was then performed using SMART oligos and LA Taq polymerase reagents (Takara Bio). To evaluate the distribution of CbCCAPr throughout individual tissues of the animal, the standard SuperScript III RT protocol was used, using random hexamers and Oligo d(T) 30 primers during reverse transcription. The amount of RNA used for reverse transcription was limited by the total RNA isolated from the smallest nervous tissues, the OG and STG, resulting in only ϳ125 ng of RNA used from each tissue. Tissuespecific libraries were not amplified after reverse transcription, and any residual RNA was digested using RNase H (New England BioLabs). Both forms of cDNA were stored in aliquots at Ϫ20°C.
Cloning the receptor transcript. We first cloned and sequenced a partial cDNA fragment of CbCCAPr using an approach described previously (Schulz et al., 2006 (Schulz et al., , 2007 . Briefly, the receptor was amplified from a cDNA template derived from mixed nervous system tissue of C. borealis. We designed and used degenerate primer pairs based on conserved amino acid sequence compared across multiple invertebrate species. PCR products of predicted length were cloned into pGEM-T easy plasmid vector (Promega) and sequenced using traditional Sanger sequencing methods (University of Missouri DNA Core Facility). Sequences obtained were compared with orthologous sequences using BlastX (NCBI). With a putative fragment of CbCCAPr identified, gene-specific primers designed against the known fragment, and RACE oligo sequences (Table 1) were purchased from Integrated DNA Technologies. Touch-down and nested step-out PCRs to expand the amino-and carboxy termini of the fragment were performed using LA Taq polymerase reagents (Takara Bio), and products were cloned into pGEM-T vectors (Promega). Positive clones were sent to SeqWright for sequencing. Sequences comprising CbCCAPr were confirmed using BlastX (NCBI) and assembled using Lasergene SeqMan and SeqBuilder software (DNAstar). The assembled, putative coding sequence of CbCCAPr contains an open reading frame of 1005 bases, identified and translated into amino acids using the ExPASy translate tool (Swiss Institute of Bioinformatics).
Sequence alignment and comparison. Multiple sequence alignment of CbCCAPr with other mammalian and arthropod Rhodopsin-like receptors was performed using MUSCLE (EMBL-EBI). Amino acid sequences were taken from the UniProtKB/Swiss-Prot database (EMBL-EBI). Accession numbers are listed in Table 2 . ExPASy BoxShade server (SIB) was used to indicate conserved residues. The TMpred program (SIB) (Hofmann and Stoffel, 1993) was used to predict the transmembrane domains of CbCCAPr. Published transmembrane domains in the UniProtKB/ Swiss-Prot databank were used for human and arthropod receptors. Statistical significance was assumed at e-values Ͻ0.001.
To evaluate the phylogenetic relationship of CbCCAPr with other Rhodopsin-like receptors, 61 protein sequences (accession numbers in Table 3 ) were aligned in MUSCLE, and phylogenetic analysis was con- ducted using MEGA software (version 6.0, ImageMagick Studio) (Tamura et al., 2013) . A maximum likelihood consensus tree was inferred from 1000 bootstrap replicates, with the initial trees obtained by applying Neighbor-join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model (Jones et al., 1992) .
Tissue distribution of CbCCAPr transcript.
To evaluate the quality of individual tissue cDNAs, primers were designed against C. borealis ␤-tubulin (Cb␤Tub, GenBank accession number HM157288.1; Table 1 ) using PCR. Bands of 250 base pairs (bp) were amplified (see Fig. 3B ) from 30 cycles of 30 s at 94°C, 30 s at 60°C, and 1 min at 72°C. Primers designed to amplify a 458 bp fragment of CbCCAPr (Table 1) were then used for screening the expression of each tissue (see Fig. 3B ) using 40 cycles of 30 s at 94°C, 30 s at 57°C, and 1 min at 72°C. For both Cb␤Tub and CbCCAPr PCR amplification, control libraries developed without reverse transcriptase (No-RT) were run in parallel (data not shown), to exclude genomic DNA contamination and account for high cycle number. Products were visualized on 1.5%-1.8% ethidium bromide-stained agarose gels. Bands of appropriate sizes were randomly excised and sequenced to confirm product identity.
CbCCAPr mRNA copy number quantification of individual STG neurons. Individual neurons were identified physiologically with intracellular recordings using established criteria and harvested for single-cell quantitative PCR as previously described (Schulz et al., 2006) . Total RNA was isolated using the RNeasy extraction kit (QIAGEN), reverse transcribed with SuperScript III, and then used as template for real-time PCR with the fluorescent reporter SYBR Green (SA Biosciences). Primers (Table 1) were designed specifically for real-time PCR detection of CbCCAPr transcripts using Primer3 software.
Electrophysiological recordings. For electrophysiology experiments, the STNS was dissected from the stomach and transferred to a transparent Sylgard-lined (Dow Corning) dish in chilled physiological saline. A large petroleum jelly well was built around the STG for application of pharmacological agents. During all recordings, the preparation was continuously superfused with chilled saline (11°C-13°C). Intracellular recordings of neuron somata were obtained after desheathing the STG, using sharp glass microelectrodes filled with 0.6 M K 2 SO 4 and 20 mM KCl (resistance: 10 -30 ⍀M). Intracellular recordings and voltage clamp were performed using Axoclamp 2B and 900A amplifiers (Molecular Devices). Electrode holders and headstages were mounted on mechanical (Leica) or motorized (Scientifica) micromanipulators. Traces were recorded using micro1401 mk2 digitizer boards (Cambridge Electronic Design) and Spike2 acquisition software (Cambridge Electronic Design, versions 7 and 8). Voltage and current traces were low-pass filtered in Spike2 to reduce noise as needed. Care was taken that filtering did not change the time course or amplitude of the signals of interest. Neurons were identified according to characteristic waveforms and by matching spike patterns to extracellular recordings from specific motor nerves. Extracellular recordings were obtained with stainless steel wire electrodes from petroleum jelly wells around motor nerves. Signals were amplified and filtered using A-M systems differential AC amplifiers (model 1700). All electrophysiological recordings were analyzed using custom programs written in the Spike2 script language.
Current measurements. Two electrode voltage-clamp recordings were used to determine the effect of different concentrations of CCAP (Bachem) on synaptic currents and the modulator-activated inward current (I MI ). Graded synaptic currents were recorded in response to depolarizing steps in a presynaptic neuron. Rhythmic activity and spiking were blocked by application of 100 nM TTX (Sigma-Aldrich). The postsynaptic neuron was held at Ϫ50 mV, and the presynaptic neuron was stepped from a holding potential of Ϫ60 mV. Short-term synaptic plasticity was tested with sets of five 0.5 s steps in the presynaptic neuron, at a frequency of 1 Hz. To test for postsynaptic effects, outward currents in response to 0.5 s puffs of 10 mM glutamate (L-glutamic acid monosodium salt, Sigma) onto the STG neuropil were measured in the postsynaptic neuron at a holding potential of Ϫ50 mV. Puffs were administered through a glass microelectrode with a broken tip, connected to a Toohey Spritzer (Toohey).
I MI was measured in two different ways. In some experiments, IV curves were obtained from difference currents measured in response to voltage ramps (at 90 mV/s) in control and CCAP (Golowasch and Marder, 1992; Goaillard et al., 2009 ). This was done in the presence of 100 nM TTX to block voltage-gated sodium channels, 1 M picrotoxin to block inhibitory glutamatergic synapses, 200 M CdCl 2 to block L-type calcium currents, and 20 mM tetraethylammonium to block delayed rectifier and calcium-dependent potassium currents. All blockers were purchased from Sigma-Aldrich. I MI was obtained by subtracting the current response to the ramp in control saline from the response in CCAP, and current was subsequently plotted as a function of voltage. To test the concentration dependence of I MI , we held the membrane potential at Ϫ20 mV and applied CCAP in increasing concentrations from 100 pM to 1 M. Each concentration was washed in for 6 min and washed out for 8 -15 min. Blockers used in these experiments were the same as described for ramp protocols. Current amplitudes for each concentration were determined as the maximal difference to the holding current before CCAP application. In some experiments, the neuropeptide proctolin (Bachem) was applied in addition to CCAP to test for occlusion effects.
Statistical analysis. All statistical analyses and data plots were generated in SigmaPlot (versions 11 and 12, Systat Software). Unless otherwise indicated, all data are presented as means Ϯ SEM. Tests performed were t tests (paired or unpaired, as appropriate) and one-way or two-way ANOVA, for repeated measures when appropriate. Pairwise comparisons of normally distributed data following ANOVA used the HolmSidak method. For not normally distributed data, Kruskal-Wallis ANOVA was performed on ranks, and pairwise comparisons were performed using Dunn's method for unequal group sizes, and Tukey tests for equal group sizes.
Postsynaptic current as a function of presynaptic voltage and I MI as a function of the log of the CCAP concentration were fit with 3 parameter sigmoid functions of the following form: y ϭ a/(1 ϩ e Ϫ(xϪx 0)/b ), where a is the maximal current (I max ), ϫ0 the voltage of half-activation (V 1/2 , synaptic currents) or the half-maximal effective concentration (EC 50 , I MI ), and b the slope factor. In this form, the slope factor is not the same as the often used Hill slope (Prinz, 2010) , and it is smaller at steeper slopes. Final figure mounting and editing were done in Canvas (version 11, ACD Systems).
Results
The putative CbCCAPr belongs to subfamily A6 within Rhodopsin-like GPCRs and is most closely related to other CCAP and neuropeptide S receptors CCAP is a cyclic nonapeptide with mirror-image sequence similarity to vasopressin (Stangier et al., 1987) . It mainly acts as a neurohormone in arthropods and plays important roles in the regulation of heart contractions (Stangier et al., 1987; Tublitz, 1989 , 1997; Donini et al., 2002; Sakai et al., 2004; Sakai et al., 2006) ; and oviduct contractions (Donini et al., 2001 ). In the STG, it acts on a number of neurons and alters rhythmic motor activity (Weimann et al., 1997; Richards and Marder, 2000; Marder, 2000, 2001; DeLong et al., 2009) , as well as contraction properties of target muscles (JorgeRivera et al., 1998) . GPCRs specific for CCAP have been identified in a number of insect species (Cazzamali et al., 2003; Belmont et al., 2006; Arakane et al., 2008; Li et al., 2011; Lee et al., 2013) , but so far not in crustaceans. We identified a fragment of a putative receptor cloned from C. borealis with 66% identity to the Tribolium castaneum crustacean cardioactive peptide receptor 2 (TbCCAPr2) Li et al., 2011) and used cDNA libraries constructed from RNA isolated from the STNS and brain to assemble the partial coding sequence. The putative CbCCAPr (GenBank accession number: KM349850) comprises 332 amino acids and a seven-transmembrane domain region typical of GPCRs. Comparison of CbCCAPr to known proteins using BlastX (NCBI) analysis showed sequence homology to members of the Rhodopsin-like family of GPCRs, including other arthropod CCAP receptors and human vasopressin and neuropeptide S receptors. Multiple alignment of CbCCAPr with arthropod CCAP receptors and human vasopressin, oxytocin, and neuropeptide S (NPS) receptors revealed several regions of conserved residues ( Fig. 1) . Conserved residues occupy not only the transmembrane regions (TMs) but also intracellular and extracellular loops. Intracellular loop 3 showed the greatest diversity in residue compliment, aside from the carboxy-and amino-termini, which is likely due to specific residue motifs for coupling to G-proteins (Wess, 1997) . Table 4 lists the percentage identity of amino acid residues between CbCCAPr and the full-length human and T. castaneum receptor sequences shown in the alignment in Figure 1 . CbCCAPr is more similar to HsNPSrA than to HsV1Ar, with 41% sequence identity and 93% coverage compared with 33% and 89%, respectively, but most similar to the TcCCAPr2 (63% sequence identity and 96% coverage). Because the highest degree of similarity between GPCRs exists in the TM core structure (Bockaert and Pin, 1999), we also evaluated the relationships between receptor sequences excluding TMs. Without TMs, sequence identities dropped by 3%-9%, but e-values remained significant (Table 4) .
To better support the identity of CbCCAPr, we performed phylogenetic analysis. CCAP, vasopressin, and NPS receptors belong to the subfamily A6 of Rhodopsin-like GPCRs (Joost and Methner, 2002) , which additionally include gonadotropin releasing hormone receptors (GNRHr), cholecystokinin receptors (CCKr), orexin receptors (ORXr), neuropeptide FF receptors (NPFFr), and pyroglutamylated receptors (QRFPr). Sequences representing each A6 receptor subclass were chosen from both vertebrate and invertebrate species. Frizzled GPCRs from vertebrates and Drosophila were used as the out-group. The maximum-likelihood consensus tree in Figure 2 shows CbCCAPr clusters with NPS and CCAP receptors and is most closely related to a hypothetical CCAPr predicted from the genome of the only other crustacean in the study, Daphnia pulex. The most closely related receptor group to CCAP and NPS receptors consists of vasopressin and oxytocin receptors. The group of CCAP, NPS, vasopressin, and oxytocin receptors is most closely related to GNRH receptors, consistent with a previous study (Pitti and Manoj, 2012) . All other receptors cluster according to the receptor groups within subfamily A6, whereas Frizzled receptors are separate. The location of the CbCCAPr in the consensus tree strongly suggests that the putative sequence encodes for a GPCR with high similarity to arthropod CCAP receptors.
CbCCAPr is expressed in nervous tissues and the gastric mill gm4 muscle Because of the widespread and diverse effects of CCAP on the nervous system and elsewhere, we investigated receptor mRNA expression throughout a range of different tissues. Five animals were used to extract RNA from six nervous tissues and two muscles ( Fig. 3A) : the thoracic ganglion, brain, cardiac ganglion, STG, CoGs, esophageal ganglion, heart muscle, and the gastric mill muscle gm4. Figure 3B shows expression of CbCCAPr by each of the six nervous tissues, but at varying levels across individual animals. Cb␤Tub is shown as a positive control. Libraries used as negative controls were generated in parallel and without reverse transcriptase (data not shown). The CoG sample in Animal 1 was the only one not showing expression. Figure 3C shows very weak or absent expression in the heart muscle but robust expression in gm4.
CbCCAPr mRNA is expressed at varying levels across neuron types in the STG Figure 3B shows that CbCCAPr mRNA is expressed in the STG. We also determined the expression levels across different neuron types in the STG using single-cell qRT-PCR. In C. borealis, the STG contains 25 or 26 neurons, some of types that exist as a single copy and some of types that have multiple copies (Kilman and Marder, 1996) . The majority of these neurons are members of two interacting central pattern-generating circuits controlling pyloric and gastric mill muscles of the stomach (Marder and Bucher, 2007) . To varying degrees, most STG neurons take part in both the faster pyloric rhythm and the slower gastric mill rhythm (Weimann et al., 1991; Bucher et al., 2006) , but for simplicity we separated the 13 neuron types into pyloric and gastric mill neurons, mostly based on the muscles that they control (Weimann et al., 1991) . Figure 4 shows single measurements and means of mRNA copy numbers by cell type. There was substantial variability in expression levels within cell types (see coefficients of variation), and some cell types showed no expression at all. Among those that did show expression, mean levels were cell typedependent and ranged from a few hundred copies to Ͼ2000. Pairwise comparisons revealed differences between the anterior median (AM) neuron and the dorsal gastric (DG) neurons, AM and the inferior cardiac (IC) neuron, the lateral gastric (LG) neuron and DG, LG and IC, the lateral pyloric (LP) and DG, and LP and IC. In some cell types with a low mean expression level, some individual samples showed no expression at all. This was true for IC in 1 of 16 samples, for the medial gastric (MG) neuron in 2 of 6 samples, and for DG in 6 of 8 samples.
The effect of CCAP on intrinsic excitability has been tested for all STG neurons, in two different ways. Among pyloric neurons, voltage-clamp experiments revealed that CCAP activates I MI in LP and IC, but not in pyloric dilator (PD), PY, VD, and LPG . I MI cannot be measured in voltage clamp from the anterior burster (AB) neuron, likely due to insufficient space clamp in soma recordings, but CCAP depolarizes synaptically isolated AB neurons in current-clamp recordings ). Among gastric neurons, only LG has been shown to activate I MI in response to CCAP application (DeLong et al., 2009 ). However, all other gastric mill neurons have been tested for depolarizing responses in current clamp . CCAP depolarized interneuron 1 (Int1) and AM, but not MG, DG, and the GM neurons. Cell types responsive to CCAP are shown in bold in Figure 4 . Among pyloric neurons, CbCCAPr mRNA expression matches effects on intrinsic excitability, with the exception of the ventricular dilator (VD) neuron, which expresses at relatively low levels but in which I MI is not activated in response to CCAP. Among gastric mill neurons, CbCCAPr mRNA expression matches effects on intrinsic excitability unambiguously for AM, LG, and Int1, which show relatively high expression levels and also show physiological responses to CCAP, and GM, which neither shows expression nor responses. DG does not show depolarizing responses to CCAP. We found CbCCAPr mRNA pressed. We found CbCCAPr mRNA expression in MG, but in only 4 of 6 samples. We conclude that there is some ambiguity in the cases of MG and DG, but that the only definitive mismatch between CbCCAPr mRNA expression and previously published physiological responses to CCAP exists for the VD neuron.
CCAP acts on the LG to VD synapse CCAP does not activate I MI in the VD neuron, but expression of CbCCAPr mRNA suggests that CCAP may act on other subcellular targets. We therefore wanted to test whether CCAP acts on synaptic connections involving VD. Neuropeptide effects on synapses in the STG have not been studied extensively, but 2 cases involving other neuropeptides have been described (Thirumalai et al., 2006; Zhao et al., 2011). VD has no known chemical output synapses within the STG but receives graded inhibitory inputs from AB and LG through glutamatergic synapses (Nusbaum and Beenhakker, 2002) . We used dual two-electrode voltage clamp to measure the LG to VD connection in control, 100 nM CCAP, and after a minimum of 15 min wash (Fig. 5A) . Depolarizing voltage steps in LG elicited graded outward current responses in VD, with a transient and a sustained component typical for chemical synapses in the STG (Graubard et al., 1980; Manor et al., 1997; Zhao et al., 2011) . The example traces in Figure 5A show an increase in I syn in the presence of CCAP. We quantified the dependence of the peak synaptic current (I syn peak) on presynaptic voltage. On average, CCAP increased I syn peak by ϳ30% (Fig. 5B ) and shifted the dependence on presynaptic voltage (voltage of half activation, V 1/2 ) by ϳϪ5 mV (Fig. 5C ). Figure 5D shows that the change in I syn peak was significant but did not wash. However, the shift in V 1/2 was also significant, and did wash. The slope factor did not LG. Traces were averaged from 3 to 5 repeats of the same stimulation protocol. B, Cross-synaptic IV data for all three treatments from six experiments, normalized to I max obtained from sigmoid fits to the control values in each experiment. Overlaid sigmoid curves were obtained by averaging sigmoidal fit parameters across experiments. C, The same cross-synaptic IV data as shown in B, but normalized to I max obtained from sigmoid fits to values from each separate treatment. Dashed lines indicate the increase of synaptic currents at two different voltages that is solely due to the shift in V 1/2 . D, Statistical comparison of the sigmoidal fit parameters. One-way repeated-measures ANOVA showed significant differences across treatments for I max ( p Ͻ 0.05) and V 1/2 ( p Ͻ 0.05), but not the slope factor ( p ϭ 0.69). Asterisks indicate results from Holm-Sidak paired comparisons. E, VD neuron current responses to five 0.5 s steps at 1 Hz and at two different depolarization levels in the LG neuron. The synaptic current shows depression at both levels. Traces were averaged from 4 or 5 repeats of the same stimulation protocol. F, Plot of the mean response amplitudes, normalized to the first of the five responses. Two-way repeated-measures ANOVA showed a significant difference between treatments ( p Ͻ 0.01), but no interaction between treatment and stimulus number ( p ϭ 0.37), meaning that the increase in depression was fairly uniform for stimuli 2 to 5. Holm-Sidak paired comparisons showed a significant difference between control and CCAP ( p Ͻ 0.01) and CCAP and wash ( p Ͻ 0.01), but not control and wash ( p ϭ 0.77). n.s., Not significant.
change. Even when only the change in V 1/2 is considered (Fig.  5C ), CCAP increased the synaptic current substantially at a given presynaptic voltage (25%-95% increase between Ϫ10 and Ϫ30 mV, dashed lines).
The effective strength of a synapse during repetitive activation depends critically on short-term synaptic dynamics (Nadim and Manor, 2000) , and the graded synapses in the STG usually show substantial depression (Manor et al., 1997; Mamiya et al., 2003 ). We therefore also tested the effect of CCAP on synaptic dynamics. Figure 5E shows the VD current responses to repetitive stimulation at two different levels of LG depolarization in control, CCAP, and wash. We tested voltage steps of different amplitude because at STG synapses the sign of synaptic dynamics can depend on presynaptic voltage level (Zhao et al., 2011) . For the range of LG voltages from Ϫ30 to 0 mV, the LG to VD synapse was always depressing (n ϭ 5, with 2-5 voltage values per experiment; data not shown). We therefore only report responses to LG depolarization to Ϫ10 mV. Figure 5F shows that CCAP increased the amount of synaptic depression moderately (Ͻ10%) over the whole course of repeated stimulation.
These results show that CCAP alters the LG to VD synaptic connection. We did not measure the AB to VD connection, the other synapse onto VD, but both LG DeLong et al., 2009 ) and AB ) respond to CCAP in synaptic isolation, and both express CbCCAPr mRNA (Fig. 4) . Consequently, the effects on synaptic strength and dynamics between LG and VD, and potentially AB and VD, could be either due to presynaptic or postsynaptic CCAP targets, or both. To test for unambiguously postsynaptic effects (i.e., to determine whether CCAP receptors on VD play a role in synaptic modulation), we also measured the currents in VD in response to glutamate, the transmitter used by both LG and AB. Figure 6A shows the multiple seconds long outward current responses to puffs of glutamate onto the STG neuropil in control, CCAP, and after washing for a minimum of 10 min. Surprisingly, CCAP reduced the amplitude of the response, on average by 24% (Fig.  6B) . Therefore, postsynaptic effects of CCAP oppose the overall strengthening of the LG to VD synapse. We continuously monitored the input resistance (R in ) of VD in between glutamate puffs. R in was similar in all conditions and not affected by CCAP (median value control: 11.0 M⍀, CCAP: 11.9 M⍀, wash: 12.7 M⍀; one-way ANOVA on ranks, p ϭ 0.823). This suggests that the CCAP effect was solely due to changes in the activation of glutamate receptors. We conclude that CbCCAPr expression in VD contributes to synaptic modulation, which resolves the mismatch between receptor expression and previously published lack of VD responses to CCAP.
Maximal amplitude and concentration dependence of CCAP elicited I MI differ between LP and IC
Despite substantial variability of CbCCAPr mRNA expression within cell types, mean transcript levels between some of the cell types were significantly different (Fig. 4) . We therefore wanted to determine whether differences in mRNA expression levels between cell types correlate with differences in physiological responses, specifically the magnitude of I MI evoked by CCAP application. Because the effect of a given amount of I MI activation on a neuron's activity depends on the background of other ionic conductances, we chose to do this comparison between LP and IC neurons with very different expression levels but otherwise similar excitability. LP expresses CbCCAPr mRNA at a significantly higher level than IC, but both are pyloric neurons that fire in rebound from pacemaker inhibition during the same phase in the pyloric rhythm.
Even with similar receptor affinities, receptor and ion channel activation are only indirectly linked, and differences in the signaling pathway between cell types could yield different quantitative relationships between both. We therefore did not just compare maximal current responses but also tested different concentrations of CCAP. I MI is usually measured as the difference current obtained from imposing voltage ramps in control saline and in the presence of a neuromodulator (Golowasch and Marder, 1992) . Across different individuals, CCAP-evoked I MI can be quite variable, both with regard to maximal current amplitude and voltage dependence (Goaillard et al., 2009 ). We found it easier to maintain stable voltage-clamp recordings and monitor current for the Ͼ2 h needed to apply different CCAP concentrations when a constant voltage was maintained. However, holding neurons at a single voltage would have yielded inaccurate measurements of concentration dependence had the voltage dependence changed at different concentrations within each experiment. Therefore, we first performed voltage ramp measurements in LP at three different CCAP concentrations and compared the resulting IV curves. Figure 7A shows an example of the raw IV curves obtained in control saline and 1 M CCAP. Figure 7B shows IV plots of I MI , calculated as the difference between the raw IV functions at the three different CCAP concentrations. In all three experiments, we found that only the maximal amplitude of I MI Figure 6 . CCAP reduces the current response to glutamate application in the VD neuron. A, VD current responses to 500 ms puff of 10 mM glutamate onto the STG neuropil in control saline (including 100 nM TTX), 100 nM CCAP, and after wash. Traces are averages from 4 to 8 repeats. B, Mean Ϯ SEM responses from six experiments. Responses were significantly different between control saline (including 100 nM TTX) and CCAP, and CCAP and wash, but not between control and wash (one-way ANOVA for repeated measures, p Ͻ 0.01; Holm-Sidak paired comparisons). *p Ͻ 0.05. ***p Ͻ 0.001. n.s., Not significant. (Fig. 7B, dashed line) changed at different concentrations, but not the voltage dependence. Therefore, changes in current obtained at a single voltage at different concentrations should only reflect the amount of channel activation and not changes in gating properties.
To determine concentration dependence, we held the cells at Ϫ20 mV and measured the current amplitude evoked by different CCAP concentrations. Figure  7C shows filtered current traces simultaneously obtained from LP and GM at a holding potential of Ϫ20 mV and at different CCAP concentrations. GM is shown here as a control, as it does not express CbCCAPr. Figure 7D shows responses of IC from a different experiment. Most other voltage-gated currents were blocked (see Materials and Methods). Application of CCAP at increasing concentrations interspersed with incomplete washes yielded increasing inward current responses in LP and IC (dashed lines), but not in GM. Figure 7E shows mean I MI values in LP and IC as a function of CCAP concentration. Maximal current values were significantly larger in LP than in IC, matching the much higher CbCCAPr expression levels shown in Figure 4 . Figure  7F shows the same data normalized to maximal current in each experiment. LP and IC I MI measurements also differed in concentration dependence, as both the EC 50 and the slope factor in LP were significantly lower than in IC. A lower slope factor value means a steeper slope (see Materials and Methods). We therefore conclude that the higher expression level of CbCCAPr mRNA in LP is accompanied by stronger activation of I MI by CCAP, and a higher sensitivity to lower concentrations.
Saturating concentrations of CCAP activate I MI maximally in LP, but not IC
The difference in I MI responses between LP and IC at saturating CCAP concentrations could be solely due to different numbers of ion channels underlying I MI . In this case, both neuron types would express a sufficient number of CCAP receptors to activate all ion channels present. Saturation would be due to a limited number of ion channels, but LP would express more ion channels and therefore generate a larger current. Alternatively, saturation could occur because all receptors are activated at higher CCAP concentrations before all ion channels are activated. The larger response in LP would then be due to a larger percentage of ion channels opened when all receptors are activated. In this case, LP would show a larger response even if the number of ion channels underlying I MI was similar in both cell types. We wanted to distinguish between these two cases by using occlusion experiments. A number of different neuromodulators, neuropeptides in particular, can activate I MI in a given cell type. This convergence was established by showing that each neuromodulator activated a current with very similar properties and that the effects of each neuromodulator occlude each other Marder, 2000, 2001) . In addition to CCAP, I MI is activated by the neuropeptide proctolin in both LP and IC . In a subset of the experiments shown in Figure 7C -F, after measuring the current response in 1 M CCAP, we added 1 M proctolin to the bath solution. Figure 8A shows the concentration dependence of I MI , normalized to the fit maximum for CCAP alone in each experiment. Dashed lines indicate the fractional increase in I MI between 1 M CCAP alone and 1 M CCAP ϩ 1 M proctolin. Figure  8B shows the same data normalized to the response in 1 M CCAP ϩ 1 M proctolin. The fraction of I MI activated by a saturating concentration of CCAP alone was significantly smaller in IC than in LP.
An important caveat in interpreting these data is that, after the repeated CCAP applications in these experiments, nonmaximal I MI responses to saturating CCAP concentrations could be mostly due to receptor desensitization. The difference between LP and IC could thus reflect differences in desensitization rather than differences in the quantities of receptors or ion channels. We therefore performed separate occlusion experiments, with minimal numbers of repeated applications of only the saturating concentrations. In this case, we used voltage ramps and compared peak currents from IV curves. Figure 8C shows example IV curves from single experiments in which 1 M CCAP was first applied alone, and then together with 1 M proctolin. The addition of proctolin had little effect on the IV curve in LP but increased the peak current in IC. We also performed experiments in which proctolin was applied alone first, and then together with CCAP. Figure 8D shows bar plots of the mean peak current amplitudes measured in these experiments. Whereas proctolin responses after repeated CCAP applications at different concentrations still caused a small increase in I MI in LP (Fig. 8 A, B) , possibly due to receptor desensitization, the ramp measurements in only saturating concentrations showed complete occlusion of proctolin by CCAP. In contrast, IC responses increased significantly when proctolin was added. The reverse was true when proctolin was applied first, with only LP showing a significant increase in peak currents when CCAP was added.
We conclude that the complete occlusion seen in LP when applying CCAP first, and in IC when applying proctolin first, means that coapplication of CCAP and proctolin activates all available I MI in both cells. In LP, this means that the CCAP response saturates because all available target ion channels are activated and addition of a converging neuromodulator cannot After the concentration series of CCAP, a mix of 1 M CCAP and 1 M proctolin was added. Addition of proctolin yielded larger currents (diamonds) than saturating CCAP concentrations alone (circles). B, Same data from the CCAP concentration series as in A, butnormalizedtotheresponsestothemixofCCAPandproctolin.AdditionofproctolinyieldedasignificantlylargerincreaseincurrentinIC thaninLP(unpairedttest,pϽ0.05).C,ExampleIVcurvesgeneratedfromthedifferenceofresponsestovoltagerampsincontrolsaline,1 M CCAP, and 1 M CCAP ϩ 1 M proctolin. Peak current amplitude did not change in LP but increased in IC. D, Mean peak current amplitudes across experiments, measured from IV curves as shown in C. Current amplitudes in LP did not change between CCAP alone and CCAP ϩ proctolin (paired t test, p ϭ 0.89). In contrast, current amplitudes in IC significantly increased between CCAP alone and CCAP ϩ proctolin (paired t test, p Ͻ 0.01). When proctolin was applied alone first, adding CCAP significantly increased current amplitudes in LP (paired t test, p Ͻ 0.05), but not IC (paired t test, p ϭ 0.81). *p Ͻ 0.05. **p Ͻ 0.01. n.s., Not significant. increase current responses. In IC, the CCAP response saturates because all available CCAP receptors are occupied, but receptors for other neuromodulators can activate additional target ion channels. Saturating CCAP concentrations therefore only activate two-thirds (66%) of all available I MI in IC. We did not test whether 1 M proctolin is a saturating concentration in LP, but the complete occlusion of CCAP responses by proctolin in IC suggests that proctolin activated all available ion channels. When response amplitudes from coapplication of both modulators were pooled, independent of the sequence of application, mean values for LP and IC did not differ (LP: 1.83 Ϯ 0.16 nA SEM; IC: 1.93 Ϯ 0.13 nA SEM; unpaired t test: p ϭ 0.67). Therefore, the smaller CCAP responses in IC are consistent with a smaller number of CCAP receptors, which matches the significantly lower CbCCAPr mRNA expression shown in Figure 4 .
Discussion
Circuit function is dependent on neuromodulation, a term used for a variety of types of neuronal communication beyond fast neurotransmission (Katz, 1999; Bucher and Marder, 2013) , but most commonly for diffuse release of transmitters acting on GPCRs (Hille, 1992) . Because GPCR signaling involves pathways shared between different receptors and with multiple intracellular targets, the patterns of activation across different neurons are complex (Harris-Warrick and Johnson, 2010; Bucher and Marder, 2013; Nadim and Bucher, 2014) . Even when detailed quantitative information about circuit-wide neuromodulator targets has been gathered, for example, about dopamine effects on STG neurons (Harris-Warrick et al., 1998; Harris-Warrick and Johnson, 2010) , the complexity arising from effects on many circuit components has so far precluded comprehensive quantitative models of circuit modulation. We studied quantitative aspects of neuropeptide neuromodulation because neuropeptide effects in the STG appear to be less divergent than amine effects. We show that both receptor expression levels and ion channel activation through these receptors can vary substantially across neuron types.
The identity and distribution of CbCCAPr
We identified a transcript with high similarity to arthropod CCAP receptors. It is a putative receptor because we did not deorphanize it (e.g., by heterologous protein expression and pharmacology) (Civelli et al., 2013) . However, its identity is strongly supported by sequence similarity and expression pattern. Phylogenetic analysis showed a close relationship to arthropod CCAP and mammalian NPS receptors. Sequence comparison was consistent with previous studies of insect CCAP receptor homology, which placed them in subfamily A6 of Rhodopsin-like GPCRs (Joost and Methner, 2002) , together with vasopressin and NPS receptors (Park et al., 2002; Li et al., 2011; Pitti and Manoj, 2012) . Some insect species have two CCAP receptors, but this is likely due to gene duplication in insect lineages (Li et al., 2011) , and we found no evidence of multiple receptor genes.
The transcript was expressed in all nerve tissues tested, consistent with the diverse behaviors under control of CCAP. Expression in the gm4 muscle is consistent with the finding that CCAP enhances gm4 contraction amplitude (Jorge-Rivera et al., 1998) . The absence of expression in the heart muscle is surprising, as CCAP was originally named for its effect on heart rate (Stangier et al., 1987) . However, crustacean hearts are neurogenic (Cooke, 2002) , and CCAP has multiple targets in the regulation of heart contractions, including the cardiac ganglion (Cruz-Bermú dez and Marder, 2007; Fort et al., 2007) . Our finding may mean that CCAP mainly acts presynaptically to the muscle in C. borealis.
Strong support for receptor identity comes from the expression pattern in the STG. The CbCCAPr transcript was differentially expressed across different neuron types and found in all neurons previously shown to respond to CCAP Marder, 2000, 2001; DeLong et al., 2009) . In most cases, neurons lacking CCAP modulation of excitability did not express CbCCAPr. VD was the only cell type that clearly showed expression despite not displaying CCAP effects on excitability. We resolved this mismatch by showing a change in postsynaptic responses to exogenously applied transmitter.
CCAP modulation of the LG to VD synapse Neuropeptides alter both excitability and synaptic function in many systems (Taghert and Nitabach, 2012; van den Pol, 2012) . However, there are only two reports of neuropeptide effects on synapses in the STG. In the lobster, red pigment concentrating hormone strengthens the synapse from LP to the PD neurons (Thirumalai et al., 2006) . In C. borealis, the same synapse is modulated by proctolin (Zhao et al., 2011) . Our description of CCAP modulation at the LG to VD synapse is novel in two ways. First, it was previously unknown that a peptide can act on STG neurons without also activating I MI . Effects of red pigment concentrating hormone on excitability in H. americanus have not been studied, but in C. borealis, both LP and PD show I MI responses to proctolin ). The only other identified target of peptide modulation is a transient inward current activated by pyrokinin in LG (Rodriguez et al., 2013) . This current is also activated in parallel to I MI . Our expression results confirm that neuropeptide receptors are not present in all neurons, but the selective effect on synaptic current in VD means that I MI activation cannot serve as a proxy for receptor expression. This has to be taken into account for future attempts at circuit-wide mapping of neuropeptide effects.
The second novel aspect is that CCAP modulation at the LG to VD synapse has both presynaptic and postsynaptic components, which has not been tested for other neuropeptides. It is particularly intriguing that presynaptic and postsynaptic effects had opposing signs. As the postsynaptic current responses were clearly reduced by CCAP, the overall strengthening of the synapse can only be explained by a dominant presynaptic enhancement. Presynaptic enhancement and postsynaptic reduction of responses at STG synapses have also been shown for dopamine (Cleland and Selverston, 1997; Johnson and Harris-Warrick, 1997) , and Harris-Warrick and Johnson (2010) argue that functionally opposing modulatory mechanisms may stabilize the modulatory state of a network and prevent overmodulation.
Quantitative differences in expression levels and I MI responses and their implications for comodulation
We found stronger I MI responses and higher sensitivity to CCAP in LP compared with IC. Overall, low activation thresholds and EC 50 values for I MI in both cells are consistent with the fact that CCAP acts exclusively as a neurohormone in the STG (Christie et al., 1995; Chen et al., 2009 ) and affects circuit output at low concentrations (Weimann et al., 1997) . Similar EC 50 values have been found in binding assays for insect CCAP receptors (Lee et al., 2013) . It is intriguing that, in addition to the stronger responsiveness of LP, we also found higher CbCCAPr transcript expression. There is no a priori reason to assume that I MI responses scale with mRNA expression level. The correlation between mRNA and protein abundance is often poor (Maier et al., 2009) , and protein and mRNA expression levels are not necessarily at the same ratio in each cell type. In addition, different concentration dependence can be due to differences in receptor affinities (Baker and Hill, 2007) . Furthermore, for a given number of receptors activated, there could be quantitative differences in second messenger signaling and activation of target ion channels (Hill, 2006) . Stronger support for a correlation between transcript expression levels and I MI responses would come from testing whether they covary across all cell types in the STG, but this exceeded the scope of our study.
Even without the corroborating evidence of different transcript levels, the finding remains that both the magnitude and concentration dependence of I MI activation were different between the two cell types tested. In addition, occlusion experiments showed that saturating concentrations of CCAP activate the totally available I MI in LP, but only approximately two-thirds in IC. These findings have important implications for comodulation. Neuropeptides are often released in conjunction with classical transmitters or other peptides (Hökfelt et al., 2000; Merighi, 2002; Salio et al., 2006; van den Pol, 2012) . In the STG, a multitude of neuromodulators are present as neurohormones or released into the neuropil from descending neurons containing multiple modulators (Nusbaum et al., 2001; Marder and Bucher, 2007) . Figure 8B illustrates that, at a given concentration, the percentage of totally available I MI activated can be substantially different between the two cell types. Therefore, nonsaturating concentrations of different neuropeptides present at the same time can have quantitatively very different effects across cell types.
Variability of CbCCAPr transcript expression levels and I MI responses
In addition to varying CbCCAPr transcript expression across tissues and cell types, we found interindividual differences. Variability in expression in different tissues may be partially due to the fact that CCAP is an important regulator of molting behavior (Ewer and Truman, 1996; Phlippen et al., 2000; Park et al., 2003) , and we used wild-caught animals that were likely at different stages in the molt cycle. Within STG cell types, mRNA copy numbers varied substantially. In the STG, transcript expression levels for K ϩ channel genes vary to a similar degree, well correlated with differences in the magnitude of K ϩ currents, a proxy for protein expression (Schulz et al., 2006) . Therefore, there is no reason to assume that the variability in CbCCAPr transcripts was due to experimental error. Expression levels of different ion channels covary in a cell type-specific manner (Schulz et al., 2007) , suggesting that cellular and synaptic parameters are coregulated to produce robust circuit output from varying underlying parameter values (Prinz et al., 2004; Marder and Goaillard, 2006; Golowasch, 2014; Marder et al., 2014) . CCAP elicited I MI in LP varies substantially (Goaillard et al., 2009 ), but it was not clear whether this is due to ion channels or receptors. Concentration dependence was relatively consistent across individuals in our study, but variability in expression also suggests that responsiveness to neuromodulators is another free parameter in regulating consistent circuit function. This raises the question whether expression of neuromodulator receptors is coregulated with other parameters determining excitability, particularly I MI . However, currently, the molecular identity of the ion channels carrying I MI is unknown.
